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INTRODUCTION
Biostable cell carriers can find application in the biointegration of prosthetic implants and as natural source of growth factors in different regenerative therapies. In some of these applications flexible and quite thin macroporous membranes, with a thickness around 100 m, are required. This is the case of the anchorage ring of cornea prosthesis, for which a thin biointegrable biostable material is required [1] [2] [3] [4] [5] [6] [7] [8] [9] . In other cases a patch of a biostable material for cell carrier can be pressed on the damaged tissue to induce a paracrinic effect by a continuous growth factor delivery, this could find application in wound healing, and cornea or skin regeneration [10] [11] [12] [13] [14] [15] [16] [17] . Pore architecture of these scaffolds must be quite particular to fit simultaneously requirements of high porosity (as large as possible), pore interconnectivity, and 3 pore size adequate for cell invasion, small thickness and mechanical resistance. Some of these requirements seem quite contradictory with each other. Mechanical strength is a critical scaffold requirement. If the scaffold cannot provide a mechanical modulus in the range of native tissues, then any nascent tissue formation will probably fail [18] . Conventional techniques to produce scaffolds for tissue engineering applications such as template or particle leaching techniques [19] [20] [21] [22] [23] [24] [25] with pore sizes in the order of several tens of microns would yield scaffolds that would disaggregate when cut to produce membranes with thicknesses in the order of magnitude of pore sizes. Freeze extraction or freeze gelation techniques [24, [26] [27] [28] [29] [30] [31] [32] yield materials with very high porosity what makes them very weak in the form of thin films. Electrospinning would allow producing very thin and quite resistant mats but the spaces among nanofibers do not allow cell invasion [33] [34] [35] [36] [37] .
In this work we propose a new method based on anisotropic pore collapse to produce 100 microns thick macroporous membranes with mechanical properties adequate for the applications mentioned above. We have checked that their porosity and pore sizes allow cell invasion, by seeding mesenchymal stem cells on one side of the membrane. In any case, more emphasis should be done in some properties, depending on the application. For instance, for the anchoring ring of a corneal prosthesis, the scaffold should resist the surgical suture, and thus a high resistance to tearing is required. For cell carriers, the mechanical properties are lest important, and it is more important the size and inter-connection between pores. Because of this reason, in this paper we do not propose a solely material as an ideal material, instead of that we have proposed a novel method to obtain material in an appropriate range of mechanical properties, porosity and pore interconnections. These membranes are made of poly(ethyl acrylate-cohydroxyethyl acrylate) copolymer networks, these materials have been proposed previously as cell culture supports or to produce the anchoring ring of a cornea prosthesis [38] [39] [40] . The relationship between cross-linking density of the network and microstructure and mechanical properties of the membranes is studied. Cell seeding efficiency and mesenchymal stem cells viability and proliferation is also analyzed. 
MATERIALS AND METHODS

Macroporous membranes preparation
Macroporous scaffolds were prepared with a template technique [20, 21, 41] . Template was formed by sintering poly (methyl methacrylate) PMMA (Lucite International Colacryl DP 300, USA) microspheres, with diameter ranging from 90 to 120 µm. The porogen microspheres were placed into a metal mold and subjected to successive compressions at 150°C in the hot press to obtain the template in the form of a sheet with a suitable interconnection of the PMMA particles. Copolymer network was produced by in situ polymerization of mixtures of ethyl acrylate, EA 99% pure (Scharlau, Spain), with hydroxyethyl acrylate, HEA 96% pure (Aldrich, Spain), in the proportion 90/10 (w/w)% respectively, using ethylene glycol dimethacrylate, EGDMA 99% pure (Aldrich, Spain), as cross-linking agent in the proportion of 1, 3 and 5 wt%, and 0,5 wt% of benzoin 98% pure (Scharlau, Spain) as photoinitiator. Monomers mixture was injected into de voids of the templates and polymerized at room temperature under UV light and then post cured at 90ºC for 24 hours.
The obtained plates were washed for 24 hours to remove the porogen using acetone as solvent and then changing the solvent by water to produce porous plates 1500µm thick with an interconnected 3D structure of spherical pores. The original plates were cut out with a rotation microtome MICROM HM350 SV to obtain membranes with different thickness: 180µm, 300µm or 500µm. The pore collapse was produced by swelling the scaffold (180µm, 300µm, 500µm and 1500µm thick) in acetone and subsequently drying and suddenly changing the solvent by water when the sheets reach 100µm thick. The pore collapse was stopped when the samples reached the same thickness than a 100µm feeler gauge, which was evaluated by visual comparison. Afterwards, the thickness was measured with a caliper, checking that all samples were in the 10% interval error. Samples will be designed by COP-X-R being X the EGDMA content and R the original thickness to final thickness ratio (R = 1.8, 3, 5 or 15).
Microestructural characterization of macroporous membranes
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Microstructure of the surface and cross-section of dry macroporous membranes was examined by scanning electron microscopy, SEM, using a JEOL JSM 6300 microscope (Japan) at an accelerating voltage of 10 kV. The samples were coated with gold by sputtering for 90 seconds (JFC 1100, JEOL, Japan) to make conductive the surface of the samples. Depth and interconnection of pores in macroporous membranes was observed by scanning confocal laser microscopy, using a Nikon C1 microscope (Japan).
The porosity of the original scaffold, , was determined by geometric and volumetric measurements, according to the equation [42] :
, where m is the scaffold mass, ρ is the polymer density and t, w and l are the thickness, weight and length of the scaffold respectively. 
Mechanical properties of macroporous membranes
The mechanical properties of the macroporous membranes were analyzed by tensile stress-strain experiments and testing the resistance to tearing [43, 44] . All results were the average of 5 specimens, and are expressed as mean ± standard deviation.
Tearing Strength. Experiment was performed in a Microtest Universal testing machine, SCM 3000095 (Spain) with a 15N force transducer in tensile mode. The dimensions of the macroporous membranes tested were 30×10×0.1 mm 3 . Two holes were created at 0.5 mm from each end of the membranes using a surgical needle. Two copper threads of 0.1 mm of diameter were passed through the holes and a tensile mode strain-rate program at a speed of 10 mm/min was performed until sample breaking. The strength during crack propagation until failure was measured (see Fig. S2 ).
Tensile Experiments. Stress-strain experiments were performed in a Seiko EXSTAR TMA/SS6000 thermo-mechanical analyzer (Japan). The macroporous membranes with dimensions of 9×5×0.1 mm 3 were clamped at both ends with metal jaws and tensile experiment was performed at a force rate of 20 mN/min up to a maximum force of 1000 mN. From the slope in the initial linear region, the apparent elastic modulus was calculated.
Cell collecting and sub culturing Seeding efficiency and cell viability and proliferation was assessed in the membranes described previously with porcine bone marrow mesenchymal stem cells. Cells were collected from femora bone marrow obtained from a 4-month-old porcine specimen. Under laminar flow hood femora head was removed and gelatinous bone marrow was collected from medullary cavity.
Bone marrow femora was resuspended and homogenized in DMEM GlutamaX supplemented with 10% FBS and 1% penicillin/streptomycin. Cell suspension was centrifuged at 650g for 5 minutes and supernatant discarded. Previous step was repeated after cell resuspension once more. Pellet was resuspended in culture medium and filtered using a 40µm nylon filter. 10% FBS, 2% penicillin / streptomycin, and 5ng/ml human recombinant fibroblast growth factor-2 (FGF-2) (Eurobio).
Cell cultured on macroporous membranes
The macroporous membranes were cut in circular discs of 5mm in diameter. The samples were sterilized with 25 kGy gamma radiation (Aragogamma S.A., Spain) prior to cell culture. In the seeding efficiency study samples were washed with a phosphate buffered saline solution, PBS at 7.4 pH, and conditioned overnight in DMEM supplemented with 1% penicillin/streptomycin in the incubator. Before cell seeding the samples were incubated 1 hour with 20 μg/ml of fibronectin in order to allow for protein adsorption onto the scaffolds. Samples for long-term proliferation study were washed in Dulbecco's phosphate buffered saline, DPBS, and conditioned overnight in DMEM with 1% penicillin/streptomycin and 10% FBS in order to allow for protein adsorption. After conditioning excess medium was aspirated with a pipette and membranes were placed into agar coated 96 well culture plates.
Cells from passage 2 were detached and suspended in free serum DMEM GlutamaX enriched supplemented with 1% penicillin/streptomycin to obtain a final concentration of approximately 5×108 penicillin/streptomycin and 5ng/mL FGF-2. The samples were cultured at 37ºC in normoxic conditions. Culture medium was changed four times per week and samples were collected at 2 hours for all porous membranes of different amounts of cross-linking agent. In addition membranes with 3% EGDMA (COP-3-R series) were cultured for 1, 7, 14 and 21 days.
Cell proliferation assay
Cell proliferation was determined by quantifying the total amount of DNA in the samples using 
RESULTS AND DISCUSSION
After polymerization of the copolymer network, extraction of the porogen template was performed by swelling in acetone which is a good solvent of the template. After extraction of the template, acetone was slowly changed by water. Then the sponge with the pores filled by water was dried. In this case, the copolymer network is strong enough to maintain the pore open since its ability for water sorption is quite limited due to the small content of hydroxyethyl acrylate and its state at room temperature is that of a hard rubber. With this procedure scaffold with completely open pore was produced (see Figure 1a ).
The obtained scaffold was allowed to swell to equilibrium in acetone. In these conditions the copolymer at room temperature is much above its glass transition due to the plasticizing effect of the solvent, and thus it is very soft. If acetone is allowed to evaporate while the sample is at room ambient on a flat surface, solvent filling the pores evaporates faster than that swelling the polymer which must be desorbed from the polymer network. Thus the polymer network remains very soft during the first stages of drying. The result is that the pores collapse with an important This collapse was produced from initial scaffolds of varying thickness while the final thickness of the membrane was always 100 µm within a 10% error. Then, the degree of pore collapse and thus the porosity and pore connectivity of the membrane can be modulated. To achieve that, the original scaffold was cut to produce sheets of varying thickness that were allowed to swell to equilibrium in acetone and then allowed to dry at room conditions. When the membrane thickness reached 100µm, membrane was suddenly immersed in water to stop contraction and thin membranes with different pore architecture are obtained (see Figure 1b -f). It is worth noting that thanks to the variation of the cross-linking density of the P(EA-co-HEA) copolymer network, i.e., the amount of EGDMA added in the polymerization, important material properties can be modulated. Thus, with increasing cross-linking density the glass transition temperature, T g , and the elastic modulus increases while the acetone absorption capacity decreases. These properties determine the microstructure of the formed membrane.
Microstructure or morphology of macroporous membranes
The porosity of the PMMA template was 9±5% which should give to the scaffolds a theoretical porosity of 91±5%. The final porosity was slightly smaller, showing a certain contraction of the scaffold during template extraction. Materials with higher crosslinking density should be closer to this value. Porosity of the departure scaffold before collapse was (78±4)% for COP-1-R, (83±3)% for COP-3-R and (87±4)% for COP-5-R. We can observe that when the cross-linking density was increased, the porosity also increased. Assuming that the contraction is produced mainly in the vertical direction, estimation based on geometric considerations yields that porosity decreases drastically with the contraction ratio R. For R=1.8 the porosity decrease to 50-70%, for R=3 the porosity falls below 50% and for R equal or greater to 5 the porosity is very close to zero, and as we will see below the membrane nearly become a rough film.
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To further analyze the microstructure at surface level of the macroporous membranes and to verify the porosity and interconnectivity after pore collapse, SEM micrographs of each type of macroporous membrane were taken, and compared with the structure previous to collapse. The pore diameters were measured from SEM images.
Figures 1 shows SEM images of macroporous membranes before ( Figure 1a ) and after pore collapse (Figure 1b-f) . Figure 1a shows the appearance of the original isotropic scaffold with well interconnected spherical pores. SEM micrographs of porous membranes for COP-X-R5 series (500 µm thicknesses before pore collapse) and different amount of cross linking agent: e) 3% and f) 5%. All photographs have been taken at the same magnification.
The final pore architecture depends on the ratio of the initial thickness of the scaffold sheet to the final thickness after sample drying that was always 100 microns. From the micrographs of 12 the pores seem crushed. Furthermore, lower membrane porosity is distinguished when increasing thickness before pore collapse, which is visually appreciated by the proximity to the surface of the trabeculae observed inside of each pore appearing at the surface. It is worth noting that pores collapse is highly anisotropic. As shown in Figure 1 and table 1, the diameter of the pores observed are similar to that of the original scaffold, while in average in the dimension perpendicular to the surface they had to be reduced by the ratio R. On the other hand, pore morphology depends on cross-linking density [21] . By increasing crosslinking density swelling capacity of the polymer network decreases [47, 48] and, as a consequence, volumetric changes in the scaffold trabeculae during swelling and deswelling are smaller. On the one hand, the pore structure of the original scaffold shows thinner trabeculae and more interconnected pores (results not shown) since the scaffold increases less its volume during the extraction of the PMMA template and on the other hand lower shrinkage of the pore structure takes place on pore collapse as it has been shown in a previous study [41] . The result, as shown in Figure 1c , 1e and 1f, is that on increasing cross-linking density, the membrane is more resistant and it swells less in acetone before collapse process, thus the pores of the collapsed membrane looks more open and interconnected, like the initial membrane.
Amount of cross linking agent
These results are encouraging since they show the possibility of designing the pore architecture of the thin membrane and adjust it to optimize cell seeding and viability. 
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Since SEM pictures do not provide a complete view of the interconnection and the degree of crushing of pores, to complete the analysis of the pore structure, 3D reconstruction geometry from confocal microscope has been used. 3D reconstruction allows getting a view of the pore depths and their interconnectivity. In the supplementary data section, an example of the obtained confocal images can be found. Confocal measurements probe that pores in samples with collapse ratio up to R=5 continue to be interconnected and in some cases, the pores go from one face to another of the membranes, despite the fact that the pores suffer some crushing.
In the case of collapse ratio R=15, a film-like structure is observed, with a high rough surface topography, but without any pores able to allocate cells inside.
Mechanical properties
Looking for the adequate balance between porosity and mechanical performance tensile and tearing experiments were carried out to obtain a correlation between processing and mechanical behavior of the thin membranes. In tearing experiments the force required to move the thread at a constant rate until breakage of the sample was measured. The other important characteristic of mechanical behavior of the membranes is its stiffness.
Least squares fit of the linear deformation zone of stress-strain curve obtained in the tensile test experiment allowed calculating the apparent elastic modulus (Figure 2b ).
The results show that both stiffness and tearing stress increase with increasing collapse ratio R.
It seems that effective cross-section of the membrane is one of the crucial parameters controlling mechanical performance of the material. It is worth note that a non-collapsed 100 m thick membrane completely disintegrates since the thickness is approximately equal to the pore poor mechanical performance, it seems that so strong collapse in a highly cross-linked material produce an important number of defects in the structure that induces crack propagation and additional modes of deformation that makes the material more compliant than expected.
We may conclude that the optimum mechanical properties were obtained for an intermediate cross-linking density, 3 wt% EGDMA, regardless of the initial thickness. For this reason, short time culture studies has been done for all the materials, but long time culture studies has been done only for the material with 3 wt% EGDMA content.
Cell seeding in macroporous membranes
The study of biological response "in vitro" sought on the one hand to find the porosity requirements to allow cell seeding into the pores of these membranes and on the other hand to compare the capacity of expansion of bone marrow mesenchymal stem cells lodged into more or less flattened pores in a 3D scaffolding material or adhered on the membrane surface more similar to a monolayer. Seeding of cells into the samples was performed in all of them by placing the cell suspension on the surface of the membrane. Seeding efficiency was measured after 2 hours of culture, while proliferation until 21 days of culture was analyzed in independent experiments. The total amount of dsDNA at 2 hours is presented in Figure 3a for all macroporous membranes. Tested samples showed a significant correlation between the cell seeding efficiency and collapse ratio. The samples with lower initial thickness showed the highest cell seeding regardless of the crosslink degree. Figure 3 shows that the number of cells initially attached to the material is larger in the highly porous membranes (R=1.8 or 3) than in the film or in the fully collapsed sample with R=15.
This means that in the less collapsed samples cells penetrate into the pores and probably there is a layer of cells attached to the surface as well as we will show below. On the contrary the fully collapsed samples present a continuous surface for cell attachment with superficial cavities but no accessible pores, thus quite similar to the film. The intermediate collapse ratio R=5 shows a behavior that highly depends on cross-linking density. It seems that cell numbers decrease rapidly with increasing cross-linking density. It is worth note that this effect is not found in films or membranes with higher porosity and must be ascribed to the topography of the membranes. As shown in Figure 1e and 1f, the trabeculae in COP-5-R5 membrane are thinner than in COP-3-R5 and with higher curvature, these surfaces seem to me less effective for the initial cell attachment during cell seeding.
To further analyze cell attachment, vinculin distribution in the cells is presented in Figure 4a and actin cytoskeleton is shown in Figure 4b . It can be observed that most of the cells spread on the flat films already after two hours culture and present diffuse vinculin and actine distributed in the cytoplasm although neither focal adhesions nor actin stress fibers are still shown. The appearance of the cells on the membranes with R=15 is similar to that of the film in agreement with the results of total DNA presented in Figure 3 . In the porous membranes most of the cells present round morphology although they mark positive for diffuse vinculin and actin.
Nevertheless some of the cells spread in these samples as well which corresponds to the larger heterogeneity in the topography of the surfaces to which can adhere inside the pores and at the external surface of the membrane. The results allow concluding that porosity of thin membranes can be modulated by anisotropic collapse of the pores starting from a scaffold with a structure of well interconnected spherical pores. In highly porous membranes it is possible to seed cells just leaving a drop of the cell suspension on the surface of the sample and cells penetrate up to a depth of 40 µm. Note that seeding on both surfaces cells would be distributed nearly in the total volume of the membrane.
Mesenchymal stem cells cultured in basal medium do not proliferate inside the pores while they grow rapidly at the surface producing a layer of confluent cells. It is worth note that although these highly porous samples are mechanically weak their tearing resistance is high enough to allow suture. If larger stiffness or tearing resistance is required, less collapsed membranes can be produced, the improvement of the mechanical properties has its counterpart in the decrease of porosity and thus cell seeding possibilities. Anyway, intermediate collapse ratios allow obtaining flexible, easy to handle, resistant membranes that can host MSCs in their pores.
Cross-linking density of the polymer network is another important parameter in the design of the membranes, it controls not only the stiffness of the resulting material but also the anisotropic collapse process since solvent absorption in the polymer network rapidly decreases with crosslinking density and the amount of solvent absorbed by the polymer influences the 
CONCLUSION
The obtained results prove that the proposed method has great versatility in producing membranes with varying properties: low original thickness to final thickness ratio and high crosslinking density produce highly porous membranes favoring cell or tissue invasion while high original thickness to final thickness ratio and low cross-linking density produce membranes with better mechanical properties.
Obtained membranes are porous enough with suitable pore size to hold cells to be transplanted to the organism and they present sufficient tearing stress to be sutured with surgical thread.
Mesenchymal stem cells lodged close to the membrane surface proliferate when cultured in basal medium while proliferation is nearly suppressed in deeper pore layers. 
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